Cilia play key roles in many aspects of embryogenesis and adult physiology in vertebrates. Past genetic screens in zebrafish identified numerous defects of ciliogenesis, including several mutations in the components of the intraflagellar transport machinery. In contrast to previous studies, here we describe a collection of mutants that affect subpopulations of cilia. Mutant embryos are characterized by a shortening and an abnormal movement of kidney cilia, and in one case also a reduction of cilia length in the Kupffer's vesicle. In contrast to that, the cilia of sensory neurons, including photoreceptor cells, hair cells, and olfactory sensory cells, appear grossly intact. Motility defects of pronephric cilia vary in mutant strains from complete paralysis to an increased frequency of movement, and are associated with left-right asymmetry defects. While ciliary ultrastructure is normal in most mutants, one of the mutant loci is essential for the formation of proper microtubule architecture in the axoneme of pronephric cilia. Mutants characterized in this study reveal intriguing genetic differences between subpopulations of embryonic cilia, and provide an opportunity to study several aspects of cilia structure and function.
Introduction
Cilia and flagella are hair-like structures that protrude from the cell surface and perform diverse biological functions. Motile cilia or flagella of protozoans or sperm cells facilitate the movement of entire cells. In other biological contexts, motile cilia mediate fluid flow in the lumen of ducts and chambers such as kidney tubules or brain ventricles (Kramer-Zucker et al., 2005; Sawamoto et al., 2006) . Nodal cilia, for example, propagate fluid flow across the embryonic node (Kupffer's vesicle in zebrafish), and thereby are thought to function in the determination of left-right asymmetry (Essner et al., 2005; Okada et al., 2005) . Other tissues differentiate nonmotile cilia that play structural and/or sensory functions. The connecting cilium of the vertebrate photoreceptor, for example, is an important structural element in this cell, as it links two distinct cellular compartments: the light-sensitive outer segment with the biosynthetically active inner segment (reviewed in Marszalek et al., 2000; Sung and Tai, 2000; Tsujikawa and Malicki, 2004a) . The entire photoreceptor outer segment is, in fact, frequently thought of as a modified cilium that plays a sensory role. Similarly, human olfactory cilia, which project from the apical surface of olfactory sensory neurons, harbor odorant receptors as well as other components of the olfactory signal transduction machinery and thus also play a sensory role (Moran et al., 1982) . Nonmotile primary cilia can be found in most mammalian cells, such as epithelial cells, chondrocytes, fibroblasts, and neurons, where they appear to play diverse roles (reviewed in Satir and Christensen, 2006) . Recently, cilia have been also reported to be key participants of intercellular signaling events involving PCP, Wnt, Nodal, and Hedgehog pathways (reviewed in Scholey and Anderson, 2006; Singla and Reiter, 2006) .
As cilia exist in nearly all mammalian cells and perform a wide range of functions, it is hardly surprising that their defects are associated with a range of human inherited disorders, including polycystic kidney disease (PKD), primary ciliary dyskinesia (PCD), Bardet-Biedl syndrome (BBS), and others. PKD is characterized by the formation of multiple kidney cysts. Autosomal dominant polycystic kidney disease (ADPKD) is among the most common monogenetic disorders in humans (reviewed in Calvet and Grantham, 2001 ). Many genes have been shown to be involved in PKD, including PKD1, PKD2, PKHD1, NPHP1 and NPHP2, all of which proved to function in various aspects of ciliogenesis. (Bisgrove and Yost, 2006; Ong and Harris, 2005) . Another ciliary disorder, PCD, is characterized by respiratory abnormalities, laterality defects, male infertility, and occasionally also retinal degeneration, cystic kidney disease, and hydrocephalus (Zariwala et al., 2006) . Electron microscopy revealed structural abnormalities of outer and/or inner dynein arms, and sometimes of radial spokes in the cilia of PCD patients (Chilvers et al., 2003; Noone et al., 2004) . Similar to PKD, Bardet-Biedl syndrome also involves kidney abnormalities, retinal degeneration, mental retardation, obesity, polydactyly and situs inversus (reviewd in Beales et al., 1999) . Defects in 12 genes have been found to be associated with BBS to date; and most, if not all, BBS proteins studied so far localize to the basal body/pericentriolar region (reviewed in Blacque and Leroux, 2006) . In molecular terms, BBS proteins display diverse characteristics and include IFT-particle-associated polypeptides, chaperonins, small GTPases, and ubiquitination factors (Chiang et al., 2006 (Chiang et al., , 2004 Ou et al., 2005; Stoetzel et al., 2006) . Finally, anosmia, and neural tube closure abnormalities also are related to ciliogenesis defects (reviewed in Afzelius, 2004; Bisgrove and Yost, 2006; Eley et al., 2005) . As the list of cilia-related diseases is growing, so is the need to develop an in-depth understanding of their structure and function.
The zebrafish proved to be an excellent model for the studies of vertebrate ciliogenesis. Mutagenesis and gene knockdown experiments identified numerous loci involved in the maintenance of cilia structure (Kramer-Zucker et al., 2005; Malicki et al., 1996; Sun et al., 2004; Tsujikawa and Malicki, 2004b) . For example, in ovl/IFT88 mutants as well as in IFT52 and IFT57 morphants, cilia are initially formed but later disintegrate (Tsujikawa and Malicki, 2004b) . This is followed by a degeneration of sensory cells in the visual, auditory, and olfactory systems. Similarly, several mutant alleles and gene knockdowns have been shown to produce defects of pronephric cilia (Kramer-Zucker et al., 2005; Sun et al., 2004) . These are associated with the formation of kidney cysts, a phenotype related to that seen in mammals, including humans. Finally, knockdowns of BBS genes affect Kupffer's vesicle cilia in the zebrafish embryo . Thus both forward and reverse genetics in the zebrafish model constitute effective strategies to study vertebrate ciliogenesis and cilia function.
To further investigate the genetic bases of ciliogenesis, we performed phenotypic analysis of several chemicallyinduced mutations in zebrafish. These mutant strains display a curled body axis and kidney cysts at 3 days postfertilization (dpf), a set of phenotypes typical of ciliary defects. Contrary to our expectations, the analysis of mutant abnormalities revealed that cilia in sensory cells, photoreceptors, auditory hair cells, and olfactory sensory neurons appear grossly normal in these strains. Kidney cilia are, however, shorter and display abnormal motility, indicating that, indeed, these genetic defects affect a subpopulation of embryonic cilia. In one mutant strain, Kupffer's vesicle (KV) cilia are also markedly shorter. Ciliary defects are associated with left-right asymmetry aberrations of varying strength. In addition, in one mutant strain, locke, cilia exhibit a disorganized configuration of axonemal microtubules, indicating that the defective gene is an important determinant of ciliary structure. The genetic differences among the subpopulations of embryonic cilia uncovered by this analysis indicate that cilia are more diverse than previously expected. Mutant lines described in this study provide an attractive opportunity to analyze several developmental processes, including kidney morphogenesis and left-right asymmetry.
Results
To study the genetic basis of ciliogenesis in the vertebrate embryo, we analyzed mutant lines characterized by phenotypes typical of ciliary defects: a curled body axis and kidney cysts. Several such lines were identified in a past large-scale genetic screen but not analyzed further . We performed complementation testing of 5 mutations from this screen and found that they affect four loci: locke (lok) and 3 loci with no assigned names. We name these three loci: shen yan tf214a (shy), garbus tm304 (grb), and zator tg238a (zar) ( Table 1) . To gain insight into the function of the affected genes, we performed phenotypic analysis of mutant animals from these lines (summarized in Table 1 ).
External phenotype of mutant embryos
The most obvious external phenotypic trait in these four mutant lines is a curved body axis (Fig. 1) . During the third day of life, wild-type zebrafish embryos hatch and straighten. In contrast to that, mutant animals remain curled after hatching and their trunks as well as tails bent ventrally. In addition, beginning at 3 dpf a swelling forms on both sides of the trunk in the vicinity of the pectoral fin. This phenotype is fully penetrant and becomes progressively more obvious as the organism matures. Previous studies demonstrated that this combination of phenotypes is associated with the formation of kidney cysts (Drummond et al., 1998) . Although by 5 dpf they develop oedema, mutant homozygotes survive at least until 7 dpf.
Kidney phenotype of mutant embryos
In wild-type embryos, pronephric glomeruli form roughly in the same antero-posterior position as pectoral fins and are located beneath the notochord. A pronephric tubule runs laterally from both the right and the left glomerulus. Once it reaches the vicinity of the body wall, it turns, extends posteriorly for about a third of body length, and terminates in the cloaca (Drummond et al., 1998) . To gain insight into the nature of mutant phenotypes, we prepared transverse plastic sections through their glomeruli. In contrast to the wild type, the lumen of pronephric tubules is severely distended in mutants, and the glomerulus itself appears to be stretched out dorso-ventrally (Fig. 2) . This phenotype is most pronounced in lok to237b mutants. Based on gross histological analysis, podocytes appear to differentiate in all mutant strains, but the appearance of blood vessels varies. While vessel lumens are quite prominent in shy tf214a , they are barely visible in lok to237b (B 0 -E 0 ). These abnormalities may be caused by the lack of fluid flow in the pronephric duct, and consequently elevated fluid pressure. Alternatively, they may reflect the function of mutant genes in glomerular differentiation. We have not noticed any obvious defects in blood circulation or blood vessel formation in any of the mutant lines investigated.
Cilia of sensory neurons display normal phenotypes
A curled body axis and kidney cysts are known to be associated with cilia defects in zebrafish (Tsujikawa and Malicki, 2004b) . To test whether mutations analyzed in this study fall into the category of ciliogenesis defects, we inspected three sensory cells that feature prominent cilia: photoreceptors, hair cells, and olfactory sensory neurons. The photoreceptor outer segment connects to the cell body via a narrow constriction that forms around a ciliary axoneme, and is known as the connecting cilium. Defects of photoreceptor cilia are associated with outer segment abnormalities and degeneration (Tsujikawa and Malicki, 2004b) . To search for evidence of photoreceptor loss, we prepared plastic sections through mutant retinae. As shown in Fig. 3 (top row), the photoreceptor cell layer is normal in all mutant lines investigated. Another indication of photoreceptor cilia defects is the misdistribution of opsin from the outer segment to the photoreceptor cell body (Tsujikawa and Malicki, 2004b) . Double staining for a photoreceptor membrane antigen, Zpr-1, and blue opsin did not reveal visual pigment misdistribution ( Fig. 3F-J) , again indicating that at least some aspects of cilia function are normal in mutant animals. Hair cells of the auditory system are another sensory neuron class that features prominent cilia, known as kinocilia. Using anti-acetylated tubulin immunostaining, we evaluated cilia phenotype in both early hair cells (tether cells) at 30 hpf, and hair cells of mature maculae and cristae at 5 dpf. We did not find any obvious cilia defects at these two stages ( Fig. 3K -O, and data not shown). Finally, the evaluation of olfactory cilia at 3 dpf revealed no obvious aberrations ( Fig. 3P -T). Although these studies do not exclude the possibility that subtle defects are present in the structure or function of sensory cilia, this analysis indicates that cilia are largely normal in the three classes of sensory neurons studied.
Pronephric cilia are defective
As cilia defects have been proposed to be the principal reason for kidney cyst formation (Pazour et al., 2000; Sun et al., 2004) , we investigated the phenotype of pronephric cilia in mutant strains. First, we evaluated the appearance the posterior pronephric duct near the cloaca, by staining whole embryos with anti-acetylated tubulin antibody. In wild-type embryos, cilia are long and extend parallel to the antero-posterior axis of the duct. In contrast to that, we found that mutant cilia are shorter and appear misdirected (Fig. 4 ). This phenotype is most pronounced in lok to237b and zar tg238a (Fig. 4M ). In parallel, we studied cilia located more anteriorly, in the middle section of the kidney duct, dorsal to the anterior portion of the yolk extension. We measured the width of the kidney duct in whole embryos stained with fluorophore-conjugated phalloidin, an actin-binding compound, and found that it is distended in all mutant lines by roughly 100-150% (Fig. 4K) . Again, cilia of mutant embryos appear misdirected in this portion of the pronephros as they do not maintain a parallel orientation to the antero-posterior axis of the duct.
The misorientation and shortening of kidney duct cilia suggest that pronephric fluid flow may be affected. To investigate whether this is the case, we performed dye excretion tests. We injected tetramethylrhodamine-conjugated dextran into the common cardinal vein of mutant and wild-type embryos at 3 dpf, and tested the excretion of fluorescent dye in the cloaca 5 and 30 min after the injection. Dye accumulation in the cloaca and its excretion outside the cloaca is found in nearly all wild-type embryos (9/ 10) 5 min after injection. In contrast to that, at this time no dye can be found in the cloaca of lok to237b (n = 0/11), shy tf214a (n = 0/10), and zar tg238a (n = 0/8) mutants. Some grb tm304 mutants, however, accumulate fluorescence in the cloaca at this time (n = 4/6). 30 min. post-injection, we found fluorescence in the cloaca of most lok to237b mutants (8/11), in some zar tg238a mutants (3/8), and in rare cases only in shy tf214a animals (n = 1/10). All of the grb tm304 mutants analyzed (n = 6/6) display fluorescence in the cloaca 30 min. after tracer injection, and some display normal excretion outside the cloaca (2/6). These data indicate that shy tf214a , lok to237b , and zar tg238a mutants display a severe pronephric fluid flow deficiency, while grb tm304 harbors a milder defect.
It is very likely that fluid flow defects in the kidney duct are caused by abnormal cilia movement. To test whether this is the case, we analyzed the motility of kidney cilia using high-speed camera recordings. We mainly focused on cilia movement in the anterior part of the kidney duct, where it is easier to image. Wild-type (18/20) embryos display a sinusoidal wave pattern of movement in the anterior region of the kidney duct (movie S1). In contrast to that, we were able to identify cilia movement only in a subset of lok to237b (4/10) and zar tg238a (3/10) mutants. When cilia movement is present, its amplitude appears to be smaller, and the axis of cilia rotation is perpendicular to the pronephric duct wall in these two mutant lines (movie S2 and S3), consistent with the acetylated tubulin staining pattern. While the strengths of lok to237b and zar tg238a motility defects are similar, the grb tm304 phenotype is nearly normal. Some mutant individuals (3/10) show roughly normal sinusoidal pattern of motility, while in others (7/10) movement appears disorganized (movie S4 and S5). Interestingly, we could not identify moving cilia in shy tf214a mutants at all (n = 15) (movie S6). As immunostaining for acetylated tubulin reveals prominent pronephric cilia in this strain (Fig. 4C) , this observation suggests that ciliary axoneme of this mutant lost their ability to move. Consistent with previous studies (Omori and Malicki, 2006) , the frequency of cilia movement in the anterior kidney duct of wild-type animals equals roughly 33 ± 3 Hz. The cilia of both grb tm304 and zar tg238a mutants beat significantly slower with the frequency of 29 ± 2 and 22 ± 7 Hz, respectively (t-test p < 0.001 for both samples). Surprisingly, although we cannot find cilia movement in some lokto237b mutants (6/10), the frequency of cilia rotation in the remaining embryos appears to be somewhat higher (42 ± 3 Hz), compared to wild-type individuals (P < 0.01; t-test).
Left-right asymmetry is compromised in mutant animals
Previous studies have demonstrated that cilia defects are associated with left-right asymmetry abnormalities (reviewed recently by Tabin, 2006) . Left-right asymmetry is easy to observe in the developing heart of the zebrafish embryo. The zebrafish primitive heart tube first jogs to the left at 24 hpf, and then loops to the right at 36 hpf (Chen et al., 1997) . We checked heart atrium and ventricle positions at 3 dpf, and found that in all mutant strains heart position displays statistically significant asymmetry aberrations ( Table 2 ). The most pronounced defect is present in grb tm304 , while other mutants are characterized by mild abnormalities. To further investigate the extent of the asymmetry defect in grb tm304 , we analyzed two transcripts, lefty1 and lefty2, known to be expressed in an asymmetric manner during embryogenesis (Bisgrove et al., 1999) . In embryos collected from control crosses between grb tm304 /+ heterozygotes and wild-type individuals, lefty1 and lefty2 are expressed on the left side in 95% and 98% of cases (Table 3 ). In contrast to that, this ratio decreases in embryos obtained from crosses between grb tm304 /+ heterozygotes to 84% for lefty1, and to 88% for lefty2. This decrease is presumably caused by the pres- ence of mutant homozygotes, which are not phenotypically distinguishable at this stage from their wild-type siblings. In the remaining embryos, the expression domain of lefty1 and lefty2 switches either to the right side, is detected on both sides of the body axis, or is absent (Fig. 5 and Table  3 ). These differences in expression patterns are statistically significant (Table 3) . To exclude the possibility that the lack of staining signal is due to technical reasons, we preformed hybridization with probes to lefty1 and lefty2 in the same reaction. Only embryos that retained normal lefty1 expression in the midline were taken into account. Heart orientation differences are statistically significant for all mutant strains. v-test p < 0.01 for shy and lok; p < 0.001 for zar; p < 10E-9 for grb. Both grb tm304/+ heterozygotes and wild-type fish used in these experiments were of Tuebingen background. Differences between grb · wt and grb · grb embryos are statistically significant for both lefty1 (p < 0.01, v-test) and lefty2 (p < 0.001, v-test).
a Numbers indicate the lack of lefty1 expression in the diencephalon or lefty2 expression in the lateral plate mesoderm. As Kupffer's vesicle cilia defects are known to be associated with an abnormal formation of left-right asymmetry (Bisgrove et al., 2005; Essner et al., 2005) , we used antiacetylated tubulin antibody staining to investigate the appearance of Kupffer's vesicle cilia in mutant embryos. We determined both the number and the length of Kupffer's vesicle cilia in 10-somite stage embryos collected from crosses between mutant heterozygotes. Crosses between wild-type siblings of mutant animals were used to generate control measurements. We have not observed statistically significant differences in cilia number between mutant and wild-type individuals (Fig. 6G) . We note that the quantity of cilia per Kupffer's vesicle varies widely in both groups of animals, which makes it difficult to detect small differences. Similarly, we have not observed differences in cilia length between wild-type controls, and embryos collected from crosses between shy tf214a , grb tm304 , and zar tg238a heterozygotes ( Fig. 6A-D, J) . In contrast to that, the length of KV cilia clearly decreases in roughly 25% of embryos from crosses between lok to237b heterozygotes. KV cilia displayed this phenotype in 14 out of 52 embryos collected from crosses between lok to237b TU/WIK heterozygotes, and in 5 out of 21 embryos from crosses between heterozygous lok to237b TU/AB animals. Interestingly, cilia of lok to237b mutants display a more severe phenotype in the TU/WIK background (Fig. 6F , compare to E), in comparison to the TU/AB background (Fig. 6I, compare to H) . These observations form a basis for several conclusions. First, Kupffer's vesicle cilia length abnormalities do not correlate with the strength of left-right asymmetry defects. Although we cannot exclude the possibility that Kupffer's vesicle cilia of grb tm304 homozygotes display abnormal movement, our data indicate that their structure is largely normal, and thus cannot account for left-right asymmetry defects seen in this mutant strain. Second, in addition to its role in pronephric cilia, the locke gene is also necessary for the differentiation of Kupffer's vesicle cilia. Finally, strong modifiers of the KV cilia length exist in the genetic background of common zebrafish strains and should be taken into account while studying this structure. 
lok mutant cilia feature abnormal configurations of microtubules
As cilia motility defects may be caused by an abnormal structure of ciliary axoneme, we further examined kidney duct cilia using electron microscopy. Zebrafish kidney cilia feature a typical ''9 + 2'' arrangement of microtubules (Fig. 7A) . To investigate whether this arrangement is maintained in mutant embryos, we generated transverse ultrathin sections through their cilia. We did not find any obvious departures from the ''9 + 2'' configuration in the cilia of grb tm304 , zar tg238a , and shy tf214a mutants. lok to237b mutant cilia, on the other hand, display a variable and obviously abnormal arrangement of microtubules ( Fig. 7B-F) . Microtubules are frequently mispositioned, and some ciliary axoneme feature supernumerary singlet microtubules in the center. In the case of some mild defects, the central singlet microtubules are mispositioned while other features of microtubule arrangement remain normal (Fig. 7C) . In more severe cases, the number of singlet microtubules increases or microtubule doublets move into the center of the axoneme. The cilium illustrated in Fig. 7D , for example, features 4 central singlet microtubules, instead of 2 present in the wild type. In addition, the diameter of mutant cilia varies, and their shape on transverse sections is frequently no longer round (Fig. 7B) . These results indicate that in a subset of cilia lok functions as a key determinant of axeonemal architecture.
Discussion
Cilia are highly conserved in many phyla from protozoa to primates, exist in nearly all mammalian cells, and display diverse structural, motor, and sensory functions (reviewed in Satir and Christensen, 2006; Snell et al., 2004) . A malfunction of cilia appears to be the principal cause of many developmental and physiological abnormalities, including several reported in human disease (reviewed in Afzelius, 2004; Eley et al., 2005) . To develop a better understanding of the genetic bases of ciliogenesis, we performed analysis of several zebrafish mutants that display phenotypes characteristic of cilia defects. We demonstrate that all these mutants display ciliogenesis defects in the nephric system: pronephric cilia are shorter, misdirected, and move in an aberrant way. In one mutant only, locke, Kupffer's vesicle cilia are also abnormal. In contrast to that, cilia in sensory cells, photoreceptors, auditory hair cells, and olfactory sensory neurons, appear normal. All mutant strains display left-right asymmetry abnormalities of varying strength.
Several research groups described zebrafish pronephric cilia mutants prior to this analysis (Drummond et al., 1998; Sun et al., 2004) . For example, a collection of zebrafish kidney mutants was generated as the result of a retroviral mutagenesis screen (Sun et al., 2004) . With the exception of the scorpion locus, mutations uncovered by this effort do not, however, result in kidney cilia length abnormalities. The phenotype of scorpion, which encodes an Arf-family small GTP-ase, involves a defect that is somewhat more severe than the abnormalities of mutants presented in this paper: at ca. 2 dpf scorpion cilia are entirely missing. A description of scorpion cilia in other tissues has not been reported so far. The analysis of several chemically-induced cilia mutants, including oval and elipsa, revealed defects in a wide range of tissues, including the pronephros, the retina, the sensory maculae of the ear, and olfactory placodes (Doerre and Malicki, 2002 ; Tsujik- awa and Malicki, 2004a, Omori and Malicki, unpublished) . The ovl locus encodes the IFT88 polypeptide, a component of the intraflagellar transport (IFT) particle (Tsujikawa and Malicki, 2004a) . The IFT complex is well-known for its essential role in the assembly and the maintenance of cilia in many organisms (reviewed in Scholey, 2003) . It is thus not surprising that mutations in ovl and related loci display defects in all ciliated cells analyzed so far (Kramer-Zucker et al., 2005; Tsujikawa and Malicki, 2004a) . In contrast to that, mutant strains presented in this study feature defects in the pronephros, but not in sensory organs, and one mutant only, lok, displays cilia defect outside the nephric system. What could be the cause of such selective phenotypes primarily in pronephric cilia? One possible explanation for these unusual characteristics of kidney cilia is that they are highly motile and thus may require unique structural features. The defects in this group of mutants do not seem, however, to affect all motile cilia. Although kidney cilia are abnormal, anti-acetylated tubulin antibody staining does not reveal obvious defects in spinal cord cilia at 30 hpf (data not shown), another population of motile cilia in the zebrafish embryo (Kramer-Zucker et al., 2005) . A possible reason for these observations may be that the rapid and highly coordinated movement of pronephric cilia in the narrow space of the pronephtic duct requires specific mechanical characteristics that are reflected in the protein composition of pronephric ciliary axoneme. Although less likely, it also appears possible that pronephric cilia have unique sensory functions that make them structurally distinct from ciliary axoneme of other cells. Molecular cloning of the mutant genes will likely reveal unique characteristics that make pronephric cilia distinct from those of other cells.
An obvious morphological phenotype in this group of mutants is the presence of kidney cysts. Such a phenotype is also characteristic of human disease (reviewed in Calvet and Grantham, 2001) . How do these cysts form, and is there a relationship between cyst formation and cilia defects? One of the first pieces of evidence linking cilia defects to kidney cystic disease comes from the studies of the orpk mutant mouse (Moyer et al., 1994) . In zebrafish, the results of both chemical and retroviral mutagenesis screens also revealed a link between mutations in cilia genes and the formation of kidney cysts Sun et al., 2004; Tsujikawa and Malicki, 2004b) . Despite the abundance of mutant strains, it remains unclear how cilia might control epithelial differentiation and lumen expansion in kidney tubules. One plausible model is that cilia sense fluid flow in the kidney tubule and send signals to epithelial cells to inhibit proliferation. This could be accomplished by the activation of mechanosensory channels (polycystins could play a role) in the cilium, which then could affect cytoplasmic calcium concentration and thereby initiate a signaling cascade that regulates cell proliferation in the pronephric epithelium (Nauli et al., 2003; Yamaguchi et al., 2006) . A calcium dependant mechanism that involves the Akt and B-Raf kinases and inhibits cell proliferation has been proposed for human kidney cells (Yamaguchi et al., 2006) . A similar signaling pathway could be responsible for the formation of kidney cysts in mutant strains presented in this work. An alternative possibility, which does not exclude the previous one, is that kidney cysts form as the result of increased fluid pressure. The assumption of this scenario is that cilia movement drives fluid flow in pronephric tubules. Its absence could then increase pressure in pronephric tubules, and initiate cyst formation. This possibility is supported by the observation that a mechanical obstruction of zebrafish pronephric tubules also leads to cyst formation (Kramer-Zucker et al., 2005) . Consistent with this scenario, aberrant cilia movement correlates with fluid flow defects in the kidney duct of mutants presented in this study.
Similar to morphants that display kidney cyst phenotypes (Bisgrove et al., 2005; Essner et al., 2005; KramerZucker et al., 2005) , all mutants analyzed in this study show some left-right asymmetry defects. In one mutant strain, grb tm304 , this phenotype is, in fact, quite severe. In contrast to the severity of the left-right asymmetry defect, grb tm304 kidney cilia display nearly normal frequency of movement, and cilia length also appears to be normal in grb tm304 Kupffer's vesicle, an organ thought to be involved in asymmetry determination. In contrast to grb tm304 , KV cilia in lok to237b mutants are shortened by 40-50%. Despite such a severe defect, the left-right asymmetry abnormalities in lok are relatively mild. These observations indicate that, surprisingly, the severity of KV cilia defects does not correlate with the magnitude of left-right asymmetry aberrations, as even severe ciliary abnormalities in the KV do not necessarily result in a conspicuously anomalous left-right asymmetry. The role of KV cilia in asymmetry determination certainly requires further examination, and lok mutant strains provide an attractive opportunity to do so.
Experimental procedures

Zebrafish strains
Mutant strains were identified in a large-scale ENU mutagenesis screen as described previously . During all experiments, animals were maintained in standard fish facility conditions. To collect images of external phenotypes, mutant and wild-type embryos were anesthetized with 0.2 mg/ml tricaine (3-aminobenzoic acid ethylester, Sigma) and embedded in methylcellulose. Images were obtained using a Cannon A70 digital camera mounted on a Zeiss Stemi SV 11 dissecting microscope. All experimental procedures were performed in accordance with the standards of the MEEI Animal Care Committee.
Histology
Zebrafish larvae were raised to the desired age and fixed in 4% paraformaldehyde (PFA) (w/v) in PBST overnight at 4°C. For histological studies, fixed embryos were washed with PBST (PBS, 0.1% Tween 20) and dehydrated for 15 min. each in 50%, 75%, 85%, and 95% ethanol, and then embedded in JB4 embedding medium (Polysciences, Inc.) as described previously (Doerre and Malicki, 2002) . Sections were examined using an Axioscope Microscope (Zeiss) and images were taken using an AxioCam digital camera (Zeiss).
Immunohistochemistry
For the immunostaining of cryosections, embryos were fixed in 4% paraformaldehyde (PFA) overnight at 4°C, washed twice in PBST, 5 min each, infiltrated in 30% sucrose (w/v) in PBST overnight at 4°C, embedded in Neg-50 frozen section medium (Richard-Allan Scientific), and sectioned using a Microm HM 500 HO cryostat (Richard-Allan Scientific). Sections were collected on Superfrost Plus slides (Fisher). Antibody staining was performed as described previously (Avanesov et al., 2005) . The following primary antibodies and dilutions were used: mouse Zpr-1 (1:250, Oregon Monoclonal Bank), and rabbit anti-blue opsin (1:125, gift from Dr. Tom Vihtelic).
For whole mount analysis of the kidney, the Kupffer's vesicle, and ear cilia, embryos were fixed in 4% PFA overnight at 4°C. Whole mount immunostaining experiments were performed as follows: embryos were first washed in PBST and distilled water, 5 min. each, incubated in acetone for 7 min at À20°C, washed again in distilled water and in PBST, 5 min each, and incubated in PBD blocking solution (1% BSA, 1% DMSO, 2% normal goat serum in PBST) for 1 h. Subsequently, embryos were incubated with a mouse anti-acetylated-a-tubulin primary antibody (1:1000, Sigma, diluted with PBD) overnight at 4°C, washed in PBD for 2 h, and then incubated with a fluorophore-conjugated secondary antibodies (1:500, diluted with PBD) overnight at 4°C. Following antibody staining, embryos were washed with PBST for 1 h, embedded in a low melting point agarose, and analyzed using a Leica SP2 confocal microscope equipped with a 63· water immersion lens.
High speed videomicroscopy
Wild-type and mutant embryos were placed in egg water containing 40 mmol/l BDM (2,3-butanedione monoxime, Sigma) to stop the heartbeat and circulation, mounted in a low melting point agarose on a glass slide, overlaid with a drop of distilled water and analyzed using a 63· water immersion lens on a Zeiss Axioplan microscope equipped with a high-speed FASTCAM-PCI 500 digital video camera (Photron) at 250 frames per second for the duration of 1 s.
Fluorescent dye injection
Wild-type and mutant embryos were anesthetized using 0.2 mg/ml tricaine (Sigma) at 3 dpf and placed on the surface of a 1% agrose plate in a drop of egg water. 5% solution of tetramethylrhodamine-conjugated 70 k MW dextran (Molecular Probes) was injected into the common cardinal vein using a glass capillary. Fluorescence in the kidney duct was observed using a Zeiss Axioscope Microscope after the interval of 5 and 30 min. following injections. Fluorescence images were collected using an AxioCam digital camera (Zeiss).
Measurements and statistical analysis
Kidney duct lumen width and cilia length were measured with the line tool of Photoshop CS software (Adobe) on images of whole embryos collected using a Confocal Microscope. Cilia length was evaluated by collecting one image from each mutant or wild-type embryo and measuring all individual cilia on this image. Five or more individuals were evaluated for each strain. For pronephric lumen width measurements, the three widest positions were chosen on the image of the pronephric duct of each embryo and the average value was calculated. At least seven embryos were used for each mutant strain. Graphs in Fig. 4 were generated from tabulated measurements using Microsoft Excel 2004 software. The number and length of cilia was also evaluated on images of Kupffer's vesicles in embryos collected from crosses between two heterozygotes for each mutant line, or from control crosses between wild-type animals. In all measurements, statistical significance was evaluated using Microsoft Excel 2004 Software.
Whole mount in situ hybridization
lefty1, cmlc2 and lefty2 cDNA I.M.A.G.E. clones for the synthesis of RNA probes were purchased on line from Open Biosystems (https:// www.openbiosystems.com/). Digoxigenin-labeled RNA probes were transcribed from linear cDNA constructs using Dig RNA labeling Mix (Roche) and purified with a MEGAclearä Kit (Ambion) according to the manufacturer's instructions. Whole-mount in situ hybridization was performed according to a previously published protocol (Bennett et al., 2001) . Stained embryos were mounted in 100% glycerol and photographed using an AxioCam digital camera (Zeiss).
Electron microscopy
Zebrafish mutants at 5 dpf were fixed overnight at 4°C in 2.5% glutaraldehyde and 2% formaldehyde in cacodylate (CA) buffer (0.1 M), containing 0.08 M CaCl 2 . After fixation, mutant embryos were washed 3 times, 5 min each, using CA buffer, post-fixed in 2% osmium tetroxide in CA buffer for 1.5 h, washed 5 min in distilled water, and restained in 2% uranyl acetate for 30 min. After dehydration in an ethanol series, mutant embryos were embedded in Epon (Marivac Ltd., Que., Canada). Ultrathin sections were collected from the pronephric duct region using a standard protocol, and analyzed using a Philips CM-102 electron microscope.
